Deviation during a follicular wave in mares begins when the largest follicle (F1) reaches a mean diameter of 22.5 mm and is characterized by continued growth of F1 to become the dominant follicle and regression of F2 to become the largest subordinate follicle. In the present study, F1 was ablated at the ex- 
INTRODUCTION
In pony mares, the ovulatory follicle originates from a follicular wave that is first detected by ultrasound midway during an interovulatory interval of about 24 days [1] . The follicles develop in a common growth phase for about 6 days and then deviate into a dominant follicle and subordinate follicles [2] . Deviation begins when the largest follicle reaches a mean size of about 22.5 mm. Deviation is recognized by continuing growth of the developing domi- nant follicle and a decrease or cessation in growth of the subordinate follicles. The mean difference in diameter between the two largest follicles at the beginning of deviation is about 3 mm, which is equivalent to a growing period of approximately 1 day. These relationships are consistent with the assumption that the largest follicle becomes established as the dominant follicle within 1 day or before the next largest follicle reaches a similar diameter.
The FSH surge that stimulates emergence of the ovulatory wave [3] begins to decline in circulating concentrations when the largest follicle reaches a diameter of about 13 mm [2, 4] . The FSH decline continues during the remaining common growth phase of the follicles in a wave and for several days after the beginning of deviation. The necessity for low concentrations of FSH for deviation is consistent with the formation of multiple dominant follicles following administration of FSH [5] or an anti-inhibin that raises the endogenous concentrations of FSH [6] . Multiple follicles of the common growth phase contribute to the FSH decline [4] . When circulating FSH concentrations decrease to a threshold level at the end of the common growth phase, only the most developed or largest follicle utilizes the low FSH concentrations and directs a continuing FSH decline [7] . Circulating LH may also be involved in deviation. Concentrations of LH are elevated at deviation in mares [2] , and circulating concentrations of estradiol and total inhibin decreased when the concentration of LH was experimentally reduced [8] .
Studies in mares and more detailed studies in cattle indicate that the largest follicle develops greater responsiveness to FSH and LH at the time of deviation, and therefore it alone is able to respond to the low gonadotropin concentrations (reviewed in [9] ). The local factors that cause the apparent differential increase in responsiveness of the future dominant follicle to gonadotropins may be pivotal to the mechanism of follicle selection.
Earlier studies [7, 10] in mares demonstrated that estradiol increases selectively in the future dominant follicle before the beginning of deviation, indicating on a temporal basis that estradiol is a candidate for increasing the gonadotropin responsiveness of the follicle. In another study [11] , various forms of inhibin were assayed in equine follicular fluid, but the diameter ranges seemed too great for relating changes in inhibin concentrations to the deviation phenomenon. However, a more recent study [12] focused on deviation and found that concentrations of follicular fluid estradiol, free insulin-like growth factor-1 (IGF-1), activin-A, and inhibin-A began to increase differentially in the largest follicle before the beginning of diameter deviation.
These in vivo results in mares are consistent with in vitro results in other species, especially cattle, that have demonstrated the following interrelationships among the four follicular fluid factors and gonadotropins: 1) estradiol increased the synthesis of IGF-1 and the sensitivity to FSH and LH and potentiated the expression of gonadotropin receptors in granulosa cells [13] ; 2) IGF-1 increased the abil-ity of FSH to stimulate estradiol secretion in granulosa cells [14, 15] but only at low doses of FSH [16] ; 3) inhibin-A modulated gonadotropin responsiveness and steroidogenesis in granulosa and theca cells [17, 18] ; 4) activin-A stimulated aromatase activity and estradiol secretion in granulosa cells [17] ; and 5) FSH stimulated the production of estradiol, IGF-1, activin-A, and inhibin-A in granulosa cells [16, 19] .
When the largest follicle (F1) was ablated at the expected beginning of deviation, the second-largest follicle (F2) became the dominant follicle in all of six mares, whereas F1 became dominant in all eight mares in which both F1 and F2 were retained [7] . The diameter of F2 and plasma FSH concentrations in F1-ablated mares increased within 1 day. Thus, a follicle that was destined to regress changed its status within 24 h after the future dominant follicle was removed. This phenomenon provides a model in which the time of ablation of F1 serves as a reference point to establish the sequence of events leading to the experimental development of dominance by F2. This approach was used recently in cattle [20, 21] , but has not been used in mares. The present experiment concerned the effects of ablating F1 at the expected beginning of deviation on the changes in diameter and concentrations of follicular fluid factors in F2 and F3 during the experimental assumption of dominance by F2 in mares. The temporal relationships between postablation changes in follicle characteristics and circulating FSH were also considered.
MATERIALS AND METHODS

Experimental Mares
Nonlactating ponies of mixed breeding, aged 3-15 yr, and weighing 270-360 kg, were used during 48 estrous cycles in the last half of the ovulatory season (July-October 2001) in the northern hemisphere. The mares were kept outdoors and fed alfalfa and grass hay with free access to water and mineralized salt.
Follicles Ն25 mm in diameter were monitored once a day by transrectal ultrasonography to establish the day of ovulation. Transvaginal ultrasonography was used to ablate all follicles Ն6 mm in diameter 10 days after ovulation as described [2] . This was done to eliminate follicles from previous waves to facilitate tracking individual follicles of the subsequent or new wave. Follicles of the new wave were scanned each day by transrectal ultrasonography as described [22] until the largest follicle reached Ն16 mm. Thereafter, the follicles were scanned every 12 h until the end of the experiment. The four largest follicles were tracked as described [23] . Follicles were measured with electronic calipers using the mean width and length from a frozen image.
Ablation of F1 was done at the expected beginning of deviation (Hour 0; F1, 22.5 mm [2] ). Because of the 12-h interval between scanning sessions, ablation was done when F1 first reached Ͼ20.0 mm to obtain a range of actual diameters with an average of approximately 22.5 mm. Mares were not used if the difference in diameters between F1 and F2 at Hour 0 was Ͼ7.0 mm. This was done to increase the likelihood that F2 would be capable of becoming dominant after ablation of F1 [7] . Collection of follicular fluid of specified follicles was done by ultrasound-guided transvaginal aspiration of follicular contents as described [2] . The postablation conversion of the future largest subordinate follicle (F2) to a future dominant follicle was used to study systemic FSH and follicular changes temporally associated with the conversion. A change is defined as beginning at the examination preceding a significant difference.
Experimental Groups
Mares were randomized by replicate into six groups (n ϭ 8 mares/ group) as follows: 1) a control group, 2) a reference group, and 3) four ablation groups. In the control group, follicle diameters and systemic FSH concentrations were determined but follicular fluid was not collected. In the reference group, follicular fluid was collected from F1, F2, and F3 at Hour 0. In the F1-ablation groups, follicular fluid was collected from F2 and F3 at Hours 12, 24, 48, or 72. The largest and second largest remaining follicles at the hour of follicular fluid collection were defined as F2 and F3. For each group, the experiment ended at Hour 72 (controls) or at the hour of follicular fluid collection. Deviation between F2 and F3 in the F1-ablated groups was termed experimental deviation and was compared to deviation between F1 and F2 in controls.
The actual, as opposed to expected, hour of deviation was determined in two ways: 1) by estimating from the diameter data of individual mares when the two largest follicles began to differ in growth rates [2] , using F1 and F2 in controls and F2 and F3 in F1-ablated mares in the 72-h group and 2) by determining when changes in mean diameters between F2 and F3 began to differ, using the reference group and the F1-ablated groups.
Blood sampling for FSH assay was begun when the largest follicle was Ն16 mm. Samples were collected every 12 h from the control group and the ablation group with follicular fluid collection at Hour 72 and from the reference and ablation groups at Hours 0, 12, 24, 48, or 72. Samples were collected by jugular venipuncture into heparinized tubes and immediately centrifuged at 1500 ϫ g for 6 min. The plasma fraction was separated and stored at Ϫ20ЊC until the FSH assay was done.
Hormone Assays
Plasma FSH concentrations were measured by a double-antibody radioimmunoassay validated for mares [24] and recently modified [12] in our laboratory. Intraassay coefficients of variation (CV) and sensitivity were 6.8% and 0.54 ng/ml, respectively. For this and the other assays, sensitivity was calculated from two standard deviations above for enzymelinked immunosorbent assays and two standard deviations below for radioimmunoassays, relative to the zero standard. Concentrations of follicular fluid factors were determined by procedures that have been described and validated for equine follicular fluid in this laboratory [12] . The intraassay and interassay CVs for quality control samples and the mean assay sensitivity, respectively, were as follows: free IGF-1, 1.2%, 5.6%, and 0.005 ng/ml; activin-A, 5.3%, 2.6%, and 40 pg/ml; inhibin-A, 6.3%, 13.2%, and 0.6 pg/ml; progesterone, 3.6%, 9.9%, and 0.02 ng/ml; and androstenedione, 2.9%, 5.4%, and 1.5 pg/ml. The intraassay CV and sensitivity for factors with no interassay CV were 4.5% and 3.0 pg/ml for estradiol and 6.0% and 0.3 ng/ml for insulin-like growth factor binding protein-2 (IGFBP-2).
Statistical Analyses
Data for each end point were challenged for extreme values with the Dixon outlier test [25] and for normality with the Kolmogorov-Smirnov test [26] . When the normality test was significant (P Ͻ 0.05), data were transformed by either natural logarithm or square root. Diameters of F1 and F2 in controls were compared with diameters of F2 and F3 in F1-ablated mares with follicular fluid collection at Hour 72, using a 2-by-2 factorial ANOVA; data were normalized to the beginning of deviation for each group. Plasma FSH concentrations were analyzed by the MIXED procedure with a repeated statement and a first-order autoregressive structure to account for autocorrelation between sequential measurements every 12 h. When the group effect or interaction was significant or approached significance, the follicle and FSH means were further compared within each hour by paired t-tests. Discrete data for follicle end points and circulating FSH at the hour of follicular fluid collection were analyzed by ANOVA. For follicle end points, the main effects of follicle (F2, F3) , hour, and interaction were analyzed by a 2-by-5 factorial ANOVA. When a main effect or the interaction was significant, data were further examined for an hour effect for each follicle, followed by comparisons of means by unpaired t-tests. In addition, differences between F1 and F2 at Hour 0 and between F2 and F3 at each hour were examined by paired t-tests. The hour effect for FSH was analyzed by a one-way ANOVA. The actual data and not the transformed data are presented as the mean Ϯ SEM. A probability of P Ͻ 0.05 indicated that a difference was significant and probabilities between P Ͼ 0.05 and P Ͻ 0.1 indicated that a difference approached significance.
RESULTS
There were no significant differences in sequential data for diameters of the two largest follicles during Hours Ϫ24 to 72 between controls and F1-ablated mares with follicular fluid collection at Hour 72, when data were normalized to the estimated hour at the beginning of deviation for each group (Fig. 1) . There was no difference between the two groups in the diameter of the largest follicle at the begin-
in the F1-ablated group occurred after deviation between F1 and F2 in the controls. There were no significant differences in follicle diameters between groups when Hour 0 was used as a common reference point.
FIG. 2.
Mean Ϯ SEM systemic FSH concentrations from samples obtained every 12 h from controls and F1-ablated mares. *Indicates a significant difference (P Ͻ 0.05) between groups at the indicated hour. #In-dicates a difference that approached significance (P Ͼ 0.05 to P Ͻ 0.1).
ning of deviation (22.1 Ϯ 0.8 and 22.3 Ϯ 1.0 mm). The plasma concentrations of FSH every 12 h for Hours Ϫ24 to 72 decreased progressively (P Ͻ 0.0001) with higher concentrations (P Ͻ 0.05) in the F1-ablated mares (Fig. 2) . Although the interaction was not significant, the concentrations were higher in the F1-ablated group at Hour 12 (P Ͻ 0.05) and at Hour 24 (P Ͻ 0.07).
Discrete data for concentrations of plasma FSH, diameters of follicles, and concentrations of follicular fluid factors from samples obtained at the hour of follicular fluid collection for studying experimental deviation in the F1-ablated groups are shown (Fig. 3) . FSH concentrations did not change significantly between Hours 0 and 12, and progressively decreased during Hours 12 to 72 (P Ͻ 0.007). An interaction (P Ͻ 0.005) of follicle (F2, F3) by hour for diameters was attributable to an increase (P Ͻ 0.05) in diameter of both follicles between Hours 0 and 24, a continued increase (P Ͻ 0.05) in F2 after Hour 24, and no changes in F3 after Hour 24. There was no difference in mean diameter between F1 at Hour 0 (21.4 Ϯ 0.2 mm) and F2 at Hour 24 (21.8 Ϯ 0.6 mm).
The differences between F1 and F2 at Hour 0 were significant or approached significance for the concentrations of each of the six follicular fluid factors (Fig. 3) . Follicular fluid estradiol concentrations for F2 and F3 for the F1-ablated groups showed a follicle effect that approached significance (P Ͻ 0.07), reflecting a higher average concentration in F2. Although there was no hour effect or interaction, concentrations between Hours 0 and 12 approached a decrease (P Ͻ 0.1) for F2 and decreased (P Ͻ 0.05) for F3. Concentrations increased (P Ͻ 0.05) for F2 and decreased (P Ͻ 0.05) for F3 between Hours 48 and 72, resulting in higher concentrations in F2 at Hour 72. Progesterone concentration was higher (P Ͻ 0.05) in F2 than in F3 at Hour 72, but there were no other significant differences (Fig. 3 ). There were no significant differences for androstenedione (data not shown), although a nonsignificant decrease in F2 and a nonsignificant increase in F3 between Hours 48 and 72 were associated with a difference (P Ͻ 0.003) between the follicles at Hour 72.
An interaction (P Ͻ 0.02) for follicular fluid concentrations of free IGF-1 was attributable to changes in F2 (P Ͻ 0.001) but not in F3 (Fig. 3) . For F2, the concentrations decreased (P Ͻ 0.05) between Hours 0 and 12 and progressively increased (P Ͻ 0.05) over Hours 12 to 72, including a significant increase between Hours 12 and 24. The interaction for IGFBP-2 approached significance (P Ͻ 0.08; Fig. 3 ). Concentrations approached an increase (P Ͻ 0.1) in F2 between Hours 0 and 12 and a decrease (P Ͻ 0.05) between Hours 48 and 72. A difference (P Ͻ 0.05) between follicles at Hour 72 was attributable to the decrease in F2 and a nonsignificant increase in F3.
Changes in follicular fluid concentrations of activin-A occurred in F2 and were characterized by a progressive increase (P Ͻ 0.05) over Hours 12 to 72, resulting in higher (P Ͻ 0.04) or approaching higher (P Ͻ 0.06) concentrations in F2 than in F3 at Hours 48 and 72 (Fig. 3 ). There were no significant changes for F3. The mean follicular fluid concentrations of inhibin-A were higher (P Ͻ 0.04) for F2 than for F3, with a difference (P Ͻ 0.05) or an approaching difference (P Ͻ 0.1) between follicles at each hour. A decrease (P Ͻ 0.05) occurred in F2 between Hours 0 and 12 and an increase (P Ͻ 0.05) between Hours 48 and 72.
DISCUSSION
In the pony mares of the present study, the future largest subordinate follicle (F2) in the F1-ablated group converted to a status of dominance by continuing to grow after F1 was ablated, consistent with the results of a previous study [7] . There was no apparent interruption in growth rate of F2 during the conversion. Experimental deviation between F2 and F3 began 24 h after ablation of F1, as indicated by continued growth of F2 and cessation of growth of F3. The hour and diameter of the largest follicle at the beginning of deviation and the changing diameters of the two largest follicles encompassing deviation were not different between the controls (deviation of F1 and F2) and the F1-ablated groups (experimental deviation of F2 and F3). The attainment of a threshold in diameter of the largest follicle FIG. 3 . Means Ϯ SEM for systemic concentrations of FSH, diameters of follicles, and concentrations of follicular-fluid factors from samples obtained from eight mares at each hour. The beginning of experimental deviation in diameter is depicted by a vertical dashed line. Probabilities for differences among hours within a follicle are shown. NS, Not significant. Lowercase letters (a-e for F1 and f-h for F2) indicate differences (P Ͻ 0.05) between means. Probability for a difference between the indicated follicles at the indicated hours; *P Ͻ 0.05; #P Ͻ 0.1. may be associated with the beginning of deviation, but this was not studied critically.
Circulating concentrations of FSH continued to decrease in the controls after the expected beginning of deviation, as previously reported [2, 7, 8] . In contrast, the concentrations did not decrease between Hours 0 and 12 in the F1-ablated mares. In a previous report, a significant FSH increase was obtained 24 h after ablation of F1 [7] . The functional two-way coupling between the largest follicle and circulating FSH was temporally close in the present experiment as previously reported for cattle [27] . This was indicated by the maintenance of FSH concentrations during the 24 h after F1 was ablated and the temporally associated continued growth of F2 and F3. This result indicated that F2 responded to a maintenance of FSH concentration, although the concentration could have been higher before Hour 12. The concentration of FSH was not different between deviation of F1 and F2 in controls and experimental deviation of F2 and F3 in the F1-ablated groups. Deviation may be initiated when FSH concentrations, as well as the diameter of the largest follicle, reach threshold values, but this was not studied critically. The initiation of deviation may involve other unknown mechanisms in addition to a close and sensitive follicle/FSH relationship. For example, the suggestion that the dominant follicle produces a factor that directly inhibits other follicles [18] cannot be discounted on the basis of the present results.
Temporal relationships in the changing diameters and concentrations of follicular fluid factors in F2 and F3 were used to identify the factors that were available in F2 for potential increased gonadotropin responsiveness in the conversion of F2 to dominant status. At the expected beginning of deviation (Hour 0), the concentrations of estradiol, progesterone, free IGF-1, activin-A, and inhibin-A became lower, and the concentration of IGFBP-2 became higher as the diameter ranking of the follicles (F1, F2, F3 ) decreased. The differences between F1 and F2 at Hour 0 were significant or approached significance for all six follicular fluid factors. Similar results were obtained for F1 and F2 in a previous study [12] , except that the concentrations of progesterone and IGFBP-2 were not significantly different between F1 and F2. In F2 and sometimes in F3 of the present study, the concentrations of estradiol, free IGF-1, activin-A, and inhibin-A decreased or approached a significant de-crease between Hours 0 and 12, whereas IGFBP-2 approached an increase. These changes may reflect regressive biochemical changes occurring in the two retained follicles after the beginning of deviation, but controls were not available for comparison.
After Hour 12 or during the conversion of F2 to dominant status following the removal of F1, the direction of concentration changes differed among follicular fluid factors. Most notable was the progressive increase in free IGF-1 in F2 but not in F3 between Hours 12 and 72 and the higher concentration in F2 than in F3 at the beginning of experimental deviation (Hour 24). The increased IGF-1 may have enhanced the gonadotropin responsiveness [16] of F2, thereby playing a role in experimental deviation. In this regard, in vitro studies in cattle support the concept that IGF-1 modulates the action of FSH on granulosa cells [14, 15] , but similar studies apparently have not been done in mares. The selective free IGF-1 increase in F2 preceding the beginning of experimental deviation between F2 and F3 seems similar to the reported differential change between F1 and F2 before deviation [12] . The decrease in free IGF-1 between Hours 0 and 12 and the increase between Hours 48 and 72 were reciprocally related to the direction of change in IGFBP-2 at these hours, although the hour effect for IGFBP-2 in F2 was not significant. A similar reciprocal relation has been reported in cattle for deviation between F1 and F2 [28] and between F2 and F3 after ablation of F1 [20, 21] .
Concentrations of inhibin-A did not change differentially between F2 and F3 in association with the beginning of experimental deviation. However, unlike any of the other factors, concentrations were consistently higher in F2 than in F3 during Hours 0 to 72 or throughout the experimental period. This may have imparted an advantage for F2 at the beginning of experimental deviation, despite the lack of a differential change in F2. In contrast to experimental deviation between F2 and F3, a recent study found that inhibin-A began to increase differentially in F1 before the beginning of deviation between F1 and F2 [12] . The physiologic role of intrafollicular inhibin-A in the future dominant follicle needs further study.
Estradiol did not begin to increase differentially in F2 until Hour 48, a day after the beginning of experimental deviation. This is consistent with a report that systemic estradiol continued at low concentrations for 2 or 3 days after ablation of F1 at the expected beginning of deviation [7] . In contrast to the delayed intrafollicular estradiol response until well after the beginning of experimental deviation, estradiol increases selectively in the future dominant follicle and in the circulation before the beginning of deviation between F1 and F2 [10] . Despite these reported temporal results, the present results indicated that a selective estradiol increase is not necessary for initiating experimental deviation. However, the estradiol concentrations were higher in F2 than in F3 at Hours 0 and 12 and therefore could have contributed to deviation, despite the absence of a differential change. The estradiol increase after Hour 48 (24 h after the beginning of experimental deviation) indicates that estradiol may play a role in the growth of the dominant follicle at a later stage. The results indicated on a temporal basis that progesterone and androstenedione were not selectively involved in the initiation of experimental deviation. During deviation between F1 and F2, progesterone increased in F1 simultaneously with the beginning of deviation [12] . The present results indicate that such a progesterone increase is not needed for deviation to occur. Progesterone began to increase in F2 and androstenedione began to increase in F3 at Hour 48 so that the concentrations in the two follicles were different at Hour 72.
Activin-A concentrations increased in F2 between Hours 12 and 72, but unlike free IGF-1, the increase between Hours 12 and 24 and the difference between F2 and F3 at Hour 24 were not significant. Thus, there was no temporal indication that activin-A contributed to a differential gonadotropin responsiveness preceding or at the beginning of experimental deviation. In contrast, an earlier report in mares indicated that activin-A increased in F1 before the beginning of deviation between F1 and F2 [12] .
Some reservation in comparing the mechanisms of experimental and natural deviation is warranted. The observed differences between F2 and F3 at the time of F1 ablation could have been dissimilar to the differences between F1 and F2 at the corresponding time preceding natural deviation. In conclusion, however, ablation of the largest follicle (F1) at the expected beginning of deviation (Hour 0) maintained the FSH concentrations for 24 h in association with the continued growth of both the second (F2) and third (F3) largest follicles. Experimental deviation in diameter between F2 and F3 began at Hour 24 in F1-ablated mares at a time when systemic FSH concentration and F2 diameter were similar to systemic FSH concentration and F1 diameter at the beginning of deviation in control mares. However, the role of the diameter-to-FSH relationship in the initiation of deviation was not specifically studied. Concentrations of free IGF-1 increased differentially in F2 beginning at Hour 12, so that higher concentrations were available in F2 than in F3 by the beginning of experimental deviation at Hour 24. Inhibin-A was higher in F2 than in F3 throughout the experimental period and estradiol was higher at Hours 0 and 12, but differential changes between follicles were not detected by the time of deviation. Although the role of estradiol and inhibin-A is not clear, temporal results indicated that IGF-1 was involved in initiating experimental deviation.
